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DEPTH MEASUREMENT OF THE PHASE CHANGE UNDER PULSED RUBY LASER 
ANNEAL1 NG 
++ 
M. ~oulemonde+, R. Heddache, F. Nielsen and P. Siffert 
CRN, Groupe PHASE, 67037 Strasbourg Cedex, France 
Rbsum6 - Une brbve impulsion de lumibre (20 ns), d6livr6e par un laser 
rubis induit un changement de phase B la surface dlun monocristal de 
silicium. I1 est report6 une mesure directe de llbpaisseur sur laquelle 
s'effectue ce changement de phase. les rgsultats expdrimentaux sont en 
excellent accord avec les valeurs dsduites d'un modzle purement ther- 
modynamique. 
Abstract - Irradiation of crystalline silicon by pulsed ruby laser 
induces a surface phase change. A direct measurement of the maximum 
thickness phase change is reported. Successful comparison with a 
thermal model is done. 
Pulsed laser annealing of semiconductors, especially of silicon has been widely 
used in recent years [I-41 . In particular large contreversy appeared to explain 
the fondamental mechanism of annealing procedure : plasma and thermal model coexis- 
ted [I-&& The later seems to be accepted now and has been completely investigated 
[5-1 I] in order to determine quantitatively the measured regrowth velocity [12-141, 
duration of surface inelting [15-201; depth of the melt phase [7,21] and temperature 
reached [22-251. 
As it has been already mention [14]the depth of the melt phase depend on the energy 
absorbed in the solid rather than the impinging one. Therefore the depth of melting 
constitute a good test of validity of the theoretical models developped to described 
pulsed laser annealing since it involves espacially the precise knowledge of the 
reflectivity changes. So the object of this work will be to determine the maximum 
of the phase change depth and to compare with theoretical determinations. 
I - DEPTH MEASUREMENTS OF THE PHASE CHANGE 
A Q-switched ruby laser ( h =  0.693 um), operating in TEMo mode with a 20 +1nsFW?4 
pulse duration, has been used at power densities ranging from 0.5 to 2 J/cm2. This 
laser can be used in repetitive mode each 6 or 30 s with a beam spot size as large 
as 9 nun. The mean spatial power density has been measured using an external aligned 
collimator, having an aperture variable from 1 to 9 mm in diameter, placed at 20 cm 
in front of the silicon samples. With the same incident power density it has been 
found that by changing the aperture from 2 to 5 mm in diameter the mean spatial po- 
wer density was kept constant within 15 %. Moreover with a fixed aperture the colli- 
mator can be moved horizontally and vertically. A scan of the spot with a 2 mm aper- 
ture has revealed a variation of the power density of 15 % in a range of 2.5 nun 
around the center of the laser spot. Then the used aperture was 5 nun. 
To determine the depth of the phase change, do~ants have been implanted into silicon 
and their profile has been determined by nuclear techniques after multi?le laser 
shots. Indeed, several experiments [26,27] have shown that the diffusion of dopants 
during the phase change is large when cor~~pared to diffusion in solid phase. There- 
fore by using repetitive pulses, the implanted dopant distribution reaches a maxi- 
mum deptn which corresponds to the tkickness of the phase change. Calculations 
following the procedure described by WHITE eta1 [26] has been performed in order to 
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calculate the number of shots necessary to induce the diffusion of a significant 
number of dopants towards the maximum depth of the phase change. 
Boron and Arsenic has been used as dopants : a dose of 4 x 1016 B/cm2 of 20 KeV and 
3 x 1016 As/cmZ of 20 and 120 KeV were implanted in silicon wafers. These dopants 
have been used since the effective segregation coefficient is equal or near to 1 un- 
der laser annealing [ 2 6 , 2 7 ] .  After a first shot, ellipsometry and backscattering 
measurements show that the wafers have refound the crystal quality and that diffusion 
of the dopants is largely less than the redrstribution of the dopants after 30 to 
50 laser shots. So the first shot on amorphous layer would not affect the depth mea- 
surement of phase change in a crystal. The boron profile has been determined by the 
use of the (p,a) reaction at 163 KeV resonnance [ 2 8 ] .  Rutherford backscattering was 
used to profile the As diffusion. As the diameter of the probe beam (protonandqres- 
pectively) was 2 mm the laser spot was scanned. For each step of the scanning a 
thickness of diffusion was determined and a mean value of the depth phase change is 
extracted from all measurements done one the same spot. An exemple of scan is shown 
on fig.1 and the mean results are summurized on table 1.It can be observed also that 
the measurement performed at the center of the spot give the same depth value that 
the one extracted from the scanning average. In order to confirm these results, an 
homogenizer has been constructed [29]  and used. The results obtained under the later 
conditions are also given in table 1. 
In order to investigate the influence of theinitialconditions (temperature) during 
illumination, experirlents have been performed on samples preheated to 650 K. Typical 
results are given on figure 2. 
T A B L E I - Depth values of the phase change - 
Power density mean value center value with homogenizer adopted thearetical 
J/cm2 ( n m )  (nm) (nm ) value value 
TABLE I I - Values of the parameters introduced in the thermal model - 
QUANTITY VALUE USED AND COMMENTS 
Thermal conductivity [5] T < 1683 K 881T &-K 
T > 1683 K 0.14 
Specific heat 
Density 
Reflectivity (see  the text and fig 2) 
Solid ( A =  694 nm) 
see ref [9] 
T < 1683 K 2.3 g/cd 
T > 1683 K 2.52 
Liquid [11,13] R = 0.72 
Absorption coefficient [30] 
Solid 2540 exp(T1427'C) cm- 1 
Liquid 5.105 cm- 1 
Melting Temperature 1683 K 
Substrate Temperatures 293 K 
Laser pulse 
Duration 
Gaussian 
202 1 nsec (FWHM) 
Energy density varied 
I1 - CONPAMISON WITH THE THERMAL MODEL 
The thermal model have been described previously [ 5 ]  . That consists to solve numeri- 
cally the heat flow equation since all the parameters are temperature dependant 
(table 2). As it is said in the introduction the determination of the absorbed 
energy is of important. So the determination of the value of the reflectivity versus 
the temperature was determined by an average of all recents results [30-331. With 
that value (table 2) it has been calculated that at a power density of 0.50 J/cm2, 
the mean absorbed energy is 61 % of the incident energy, in very good agreement with 
the mean experimental determination [ 3 4 ] .  The calculated melt depth has been reported 
on fig. 2 and it can be observed an excellent agreement whatever is the substrate 
temperature. Moreover a calculation have been done in order to compare with the re- 
sults of Bell [7] and the agreement is good. 
POWER DENSITY 
Fig. 2 - Depth versus power density.rinitia1 temperature 650 K 
* Room Temperature. B results are from ref.171. The 
straight lines are the model calculation. 
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I11 - CONCLUSION 
In this paper it is shown that the thermal model is able to predict the maximum melt 
depth induced by a pulsed ruby laser whatever is the temperature substrate. Further- 
more the good agreement obtained with experimental results indicates that the evolu- 
tion of reflection coefficient with temperature is now correctly described no con- 
clusion can be given concerning the evolution of thermal conductivity since a varia- 
tion of 50 % leads to a change of only 10 % of the melt depth [ 9 ] .  
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